Mechanoelectrical feedback, defined as changes in mechanical state that precede and alter transmembrane potential, may have potential importance in understanding the role of altered load and contractility in the initiation and modulation of ventricular arrhythmias. To assess the independent effects of preload and contractility on myocardial excitability and action potential duration, we determined the stimulus strength-interval relationship and recorded monophasic action potentials in isolated canine left ventricles contracting isovolumically. The strength-interval relationship was characterized by three parameters: threshold excitability, relative refractory period, and absolute refractory period. The effects of a threefold increase in left ventricular volume or twofold increase in contractility on these parameters were independently assessed. An increase in preload did not change threshold excitability in 11 ventricles but significantly shortened the absolute refractory period from 205±15 to 191±14 ms (P < 0.001) (mean±SD). Similarly, the relative refractory period decreased from 220±18 to 208±19 ms (P < 0.002). Comparable results were observed when contractility was increased as a result of dobutamine infusion in 10 ventricles. That is, threshold excitability was unchanged but the absolute refractory period decreased from 206±14 to 181±9 ms (P < 0.003), and the relative refractory period decreased from 225±17 to 205±18 ms (P < 0.003). Similar results were obtained when contractility was increased with CaC12, indicating that contractility associated changes were independent of fl-adrenergic receptor stimulation.
Introduction
Left ventricular dysfunction has been identified as the strongest independent predictor of sudden death in patients with ventricular tachyarrhythmias (1) . Despite the clinical recognition that depressed contractility and altered loading conditions can result in heart failure and precipitate ventricular fibrillation (classified as "secondary" ventricular fibrillation), the significance of mechanoelectrical feedback and its role in arrhythmogenesis has received minimal attention (2, 3) . Mechanoelectrical feedback, defined as changes in mechanical state that precede and alter transmembrane potential, has been primarily investigated in isolated muscle preparations or in nonmammalian hearts.
The purpose ofthis study was to characterize the independent contributions ofpreload and contractility on electrical excitability and action potential duration in the intact ventricle. We used an isolated, cross-circulated canine left ventricle. This preparation permits precise measurement of pressure and volume as well as independent modification of preload and contractility (4) (5) (6) . This model also circumvents reflex changes in contractility caused by changes in load and allows maintenance of a constant coronary artery perfusion pressure.
Methods Preparation
The methods used to isolate and support the canine heart were similar to those previously published (7) . Briefly, 15 pairs of mongrel dogs weighing 18-24 kg were anesthetized with sodium pentobarbital (30 mg/ kg, i.v.). A median sternotomy was performed under artificial ventilation on the donor dog. The left subclavian artery and right atrium were cannulated and connected to the femoral arteries and veins, respectively, of the support dog (Fig. 1) . The brachiocephalic artery was cannulated for measurement of coronary perfusion pressure. The azygous vein, superior and inferior venae cavae, and descending aorta were ligated. Isolation was completed with ligation of the pulmonary hili at which time crosscirculation was begun. The heart was removed from the chest and suspended above a funnel. The left and right ventricles were vented. Coronary venous return drained into the funnel and was returned to the femoral vein of the support dog.
A thin latex balloon mounted on a metal adaptor was sewn to the mitral valve annulus. The balloon adaptor was then connected to a ventricular volume control servopump system (8) (Fig. 1) . A constant volume of tap water filled the pump and balloon (55 ml, unstressed volume). The servopump was composed of a linear motor (model 41 1, Ling Electronics, Anaheim, CA) that controlled the piston position of a rollingdiaphragm cylinder (model SS-4-F-SM, Bellofram Corp., Burlington, MA). A linear displacement transducer (model 240-000, Trans-Tek Corp., Ellington, CT) sensed the position of the piston, producing a signal proportional to the balloon volume. This signal was used in a negative feedback loop for comparison with a volume command signal that represented To produce ejecting beats, an impedance loading system was developed that imposed a simulated arterial hydraulic impedance on the ventricle (8) .
Isovolumic contractions were produced by inactivating the analogue integrator of the impedance loading system so that the volume command output was constant. A computer then directly controls the volume command signal through a digital-to-analogue converter. This system permitted accurate control and measurement of ventricular volume. The contractile state of the ventricle was quantified using concepts that have been developed in this laboratory (5 MAPs were recorded from the epicardial surface ofthe ventricle using a newly designed contact electrode (9) . The recording device consists of an L-shaped cantilever with two electrodes (sintered Ag-AgCI) mounted on its distal end. One electrode forms the tip of the cantilever, which is pressed against the epicardium by a springloading mechanism. The other electrode is positioned 5 mm away from the tip. Electrical contact between this electrode and the heart is made through a small saline-soaked piece of foam rubber. This bipolar electrode arrangement in conjunction with differential amplification minimizes the effects ofremote electrical activity on the MAP. The probe provided continuous MAP recordings of stable amplitude, smooth contour, and isopotential diastolic base lines for approximately a 2-h period allowing recordings to be made from a single epicardial site throughout the experimental protocol. Recordings from this electrode catheter have been shown to reflect the time course of transmembrane depolarization and repolarization (10) .
Electrical excitability was quantified by the stimulus strength-interval relationship (11) (12) (13) . Excitability has been shown to be an important factor in determining conduction velocity (14, 15) . Excitability as determined in this study is dependent on the current density of the extracellular stimulating electrode, fiber orientation and intra-and intercellular excitability under the electrode (16) (17) (18) .
The hearts were paced using unipolar cathodal stimulation with the stimulating electrode placed within 2 mm of the MAP and bipolar recording electrodes (midanterior wall). A digital computer controlled a constant current pacer that delivered rectangular pulses 2 ms in duration at twice diastolic threshold and was programmed to produce the pacing protocol used in the determination ofstrength-interval curves. This protocol consisted ofan initial drive cycle of 10 stimuli (SI) at a cycle length of 500 or 600 ms. This initial drive period was long enough to permit the ventricle to achieve a steady mechanical and electrical state (return to base line of the MAPD9o, the MAP duration at 90% repolarization). A premature extrastimulus (52) was introduced at a coupling interval (S1 -S2) of 250 ms with a stimulus strength equal to diastolic threshold. The coupling interval was decreased by 2-ms intervals until there was failure to capture. The current of the extrastimulus was then increased by 0. I-mA steps until capture occurred. A 2-s pause followed the extrastimulus of each drive cycle. The above sequence was repeated until the stimulus strength of S2 reached 10 mA. The minimum current that resulted in consistent ventricular capture was defined as the diastolic threshold or threshold excitability. The longest coupling interval that required >0. I-mA increase in current for a 2-ms decrement in coupling interval to elicit a depolarization was defined as the relative refractory period (RRP) and the absolute refractory period (ARP) was the longest coupling interval that failed to capture the ventricle at 10 mA.
Cathodal stimulation was used instead of anodal or bipolar stimulation in order to avoid the complex ventricular response ofsupernormal excitability (1 1, 19) . During bipolar threshold stimulation, excitation occurs at the cathode during diastole and at the anode during RRP. The latter response results in an early "diastolic dip" in the strength-interval curve that corresponds to supernormal excitability (13) . The strengthinterval relationship, determined with cathodal current in our study, does not exhibit supernormal excitability.
Experimental protocol Volume change. The left ventricle, contracting isovolumically, was paced at a rate of either 100 or 120 beats/min (i.e., cycle length of 600 and 500 ms, respectively). After a stabilization period of 1-2 min, a control ESPVR was determined. The strength-interval relationship at a control volume (10 or 15 ml) and MAPD9o were then determined. The volume was then increased by 20 or 35 ml (Fig. 2) To determine whether similar electrophysiologic effects were observed in ejecting hearts, a simulated arterial impedance on the left ventricle was imposed. The strength-interval relationship was determined at enddiastolic volumes of 25 and 50 ml, respectively, for two preparations.
Contractility study. At a volume of 10 or 15 ml (identical volume as that used in the volume protocol for each particular dog) the strengthinterval relationship was determined and MAP recordings were obtained. Continuous infusion of dobutamine into the arterial perfusion line was then begun at a rate of 2-4 gg/min. The infusion rate was adjusted to maintain the steady-state left ventricular end-systolic pressure at twice the control level (volume unchanged) (Fig. 3) . The strength-interval relationship was then determined. Dobutamine infusion was then discontinued and the left ventricular end-systolic pressure allowed to return to control. After steady-state conditions were achieved, the strength-interval relationship was redetermined. The same criteria for acceptability of data used in the volume protocol were also used in this protocol.
To determine whether the alterations in excitability and MAPD9O related to changes in contractility were independent of fl-adrenergic receptor stimulation, two experiments were performed in which CaCl2 was used to increase inotropy. This was infused into the donor heart at a rate of0.1-0.4 g/min (0.2 mM) in order to increase contractility twofold.
Statistical analysis
Statistical comparisons of intervention versus control were performed using Student's paired t test. To determine whether a linear relationship existed between action potential duration and excitability, a linear regression based on the method ofleast squares was determined. All data are expressed as mean±SD. Differences were considered significant for P < 0.05.
Results
Effects of volume on the strength-interval relationship. An increase in left ventricular volume from 10 to 30 ml or from 15 to 45 ml did not alter threshold excitability, 0.8±0.3 mA (control) vs. 0.8±0.3 mA (increased volume) in 11 ventricles. In contrast, a significant change occurred in the ARP, 205±15 ms vs. 191±14 ms, P < 0.001. A decrease of similar magnitude was observed in the RRP, 220±18 ms vs. 208±19 ms, P < 0.002. A representative strength-interval relationship at the two different left ventricular volumes is illustrated in Fig. 4 . As observed, the strengthinterval curve is nonlinear and closely resembles a decaying exponential relationship.
To determine whether increased volume had a similar effect on excitability for ejecting beats, a simulated arterial hydraulic impedance was imposed on the left ventricle. The strength-interval relationship was determined at end-diastolic volumes of 25 and 50 ml for ejecting beats in two experimental preparations.
Results were similar to those for isovolumic beats (Fig. 4) . Effects of contractility on the strength-interval relationship. In 10 dogs, volume was held constant at 10 or 15 ml and the inotropic state was increased by a factor of 2 with dobutamine infusion. Results were similar to those obtained with increased preload. Threshold excitability was unchanged by enhanced contractility, 0.8±0.2 mA (control) vs. 0.7±0.2 mA (increased contractility). However, both the ARP and RRP decreased; ARP, 206±14 ms vs. 181±9 ms, P < 0.003; RRP, 225±17 ms vs. 205±18 ms, P < 0.003. A representative strength-interval relationship for increased contractility is shown in Fig. 5 . In two dogs, CaC12 was infused instead of dobutamine in order to achieve a twofold increase in contractility. Effects on excitability were similar to those observed with dobutamine (Fig. 6) (Fig. 7) . The change in MAPD9O between control volume and augmented volume was compared to the change in ARP at these two volumes. In five experimental preparations, MAP recordings met stability and reproducibility criteria to permit inclusion. There was a significant linear correlation between A MAPD9O and A ARP, r = 0.97 (A = difference between control and intervention). There was also a significant correlation between A MAPD90 and A ARP for twofold changes in contractility, r = 0.92.
Discussion
We have shown for the first time that preload and contractility each independently alter excitability of the mammalian ventricle as defined by the strength-interval relationship. These mechanical perturbations also shorten the time course of the action potential.
Lab and Kaufmann were among the first investigators to focus attention on the study of mechanoelectrical feedback (2, 3) . Extensive studies were performed primarily examining these interactions on a beat-to-beat basis (3, 20) . In the present investigation, the effects of mechanical perturbations were studied after steady-state conditions were achieved rather than during single contractions, because it was thought to simulate the clinical analogue more closely.
Several groups of investigators have reported that stretch shortens action potential duration (2, 3, 20, 21) and induces extrasystoles and repetitive firing (22) in isolated muscle preparations and the frog ventricle. The relevance of these findings to the intact mammalian ventricle is unclear in that stretch in an anchored isolated muscle preparation does not provide the same stress-strain effects that increased preload does in an intact left ventricle. Furthermore, internal calcium kinetics in amphibian and mammalian hearts are significantly different (23). (24) (25) (26) (27) . That is, an increase in contractility shortens the action potential, a relationship that we found in the intact left ventricle.
Implicationsfor arrhythmogenesis. The observed changes in excitability related to mechanical perturbation may have important implications for understanding arrhythmogenesis under altered mechanical conditions. Brooks and associates (28) reported that ischemia caused electrophysiologic effects similar to those observed during the mechanical perturbations in our study; specifically, increased excitability and shortening of the action potential. They also noted that ventricular extrasystoles and fibrillation occurred spontaneously during the period ofsignificant action potential shortening. We also observed a marked increase in spontaneous extrasystoles during action potential shortening and an increase in excitability after augmentation of load or inotropic state. A possible mechanism to explain how the mechanical effects we observed can initiate arrhythmias involves the generation of anodal current by premature repolarization to surrounding cells. This anodal current can accelerate repolarization of contiguous cells and disorganize the normal recovery sequence (28, 29) . Anodal current can also stimulate proximate cells during their period of vulnerability (supernormal excitability) causing premature excitation and initiation of fibrillation (28) .
Our findings may not only have relevance for understanding the initiation of arrhythmias but also for the potentiation of reentrant arrhythmias. Reentry depends on nonuniform recovery of excitability and repolarization (30) (31) (32) (33) . Repolarization in normal myocardium is heterogeneous in both the transverse (endo-epicardium) and longitudinal planes (epicardium: apexbase) (34) (35) (36) (37) . Any perturbation that accelerates the normal dispersion ofrepolarization and excitability will potentiate the likelihood for initiation and maintenance ofreentry. Acute ischemia, chronic infarction, and mode of mechanical contraction can cause marked inhomogeneity in repolarization and excitability (38) (39) (40) . Khatib and Lab (40) showed that shortening of action potential due to an abrupt increase in pacing rate shows a disparity in effect between the apex and base during isovolumic contractions compared to ejecting beats. Alteration of preload and/or contractility may possibly exaggerate the electrical heterogeneity that normally exists due to asymmetry of ventricular geometry and wall stress and thus potentiate the probability for developing reentrant arrhythmias.
Another potential mechanism of arrhythmogenesis that may explain, in part, the increased ventricular ectopy observed with augmented preload or contractility is mechanically induced afterdepolarizations that reach threshold potential and result in extrasystoles. Pressure (43) . However, diastolic volume and inotropic state may not be independent determinants of myocardial performance in that developed tension at a given muscle length is dependent on the degree of activation of the contractile system and conversely, activation of the contractile system depends on resting muscle length (length-dependent activation) (44, 45) . Length-dependent activation has also been shown to be operative in the intact ventricle (46) . Therefore, increased preload and contractility may exert their similar effects on excitability and action potential duration through a common cellular mechanism. There are two primary explanations to account for the lengthdependent process. The first hypothesis suggests that the contractile apparatus is more sensitive to calcium at greater sarcomere lengths (47, 48) . The sarcoplasmic reticulum has also been demonstrated in skinned cardiac cells (51 (52) (53) (54) (55) (56) and decrease the electrochemical gradient of the slow inward current (isi) (57) . Therefore, either an increase in the outward current and/or the decrease in i~j can shorten action potential duration. These findings may explain the mechanism by which both preload and contractility shortened the action potential and thereby increased excitability as observed in our study. Elevated intracellular calcium also activates a transient inward current (iTj) (58) that can induce oscillatory potentials and triggered automaticity (59) . The current flows through a nonselective cation channel that is nearly equally permeable to both Na' and K+ (60, 61) . Increased intracellular calcium can also activate an electrogenic Na-Ca exchange (62) 
